Kritzinger R, Meyer J, Burger J. Investigation of the power coupling of novel wavelength-selective couplers incorporating axially symmetric long-period fibre gratings. S Afr J Sci. 2011;107(5/6), Art. #400, 7 pages. doi:10.4102/sajs. v107i5/6.400 Evanescent-field coupling was studied experimentally in novel optical-fibre-based wavelengthselective couplers, using axially symmetric long-period fibre grating (LPFG) structures. The coupling characteristics of a wavelength-selective coupler at the resonant wavelength were investigated for different LPFG offset distances. It was shown that the wavelength-selective couplers effectively transferred light power at the LPFG resonant wavelength from one fibre to another. The performance of the couplers was consistent with simulations performed in MATLAB using coupled-mode theory.
Introduction
The rapid growth of the optical communications industry has compelled researchers to optimise data transmission over long-haul fibre optic links, and to develop low-cost fibre optic components, such as optical add-drop multiplexers that manage multiple wavelength channels and exhibit low insertion loss. Moreover, as data rates increase beyond 40 Gb/s in wavelength-division multiplexing networks as a result of the introduction of broadband technologies, the need for optical add-drop multiplexers that are economically viable and exhibit low loss increases because individual or multiple wavelengths carrying data channels are routed to and from a transmission fibre. Long-period fibre gratings and fibre Bragg gratings are in-fibre optical filters that contribute greatly to the wavelength-division multiplexed optical communications and sensing industry. 1, 2 It has been shown that optical filters can be used to perform optical add-drop multiplexing. 1 A common optical add-drop multiplexer configuration consists of an optical circulator connected to a Bragg grating; this configuration exhibits low insertion loss (~2 dB), but the configuration is too expensive because of the high cost of circulators.
3 A 4-port 50% coupler with a Bragg grating connected to one of the coupler's outputs could also be used, but this configuration has unacceptably high insertion loss. 4 Other optical add-drop multiplexer designs use evanescent coupling of light between a pair of fibres within a tapered region of a fused coupler. 5, 6 These devices are difficult to manufacture, because they require uniform and reproducible fusion of two fibres over the length of the coupling region. Over the years, it has been shown that a long-period fibre grating (LPFG) is an efficient wavelength-selective device. 7, 8 It is known that an LPFG structure is a periodic perturbation of the refractive index in a single-mode fibre (SMF), which causes a guided-to-cladding mode power exchange to occur at a certain wavelength. 9 When the forward propagating core mode interacts with the LPFG structure, the guided mode couples to several forward propagating cladding modes. 1, 9 In addition to their low back reflection and low insertion loss, LPFGs are easy to fabricate because of a grating period that is normally several hundreds of micrometers. 1 It has been shown that the placement of two identical LPFGs in parallel and in close proximity results in the light at some wavelengths being rejected by one LPFG but collected again by the other LPFG. 8, 10 The outputs from the two LPFGs are complementary to each other, one showing bandpass characteristics and the other showing band-rejection characteristics. Recently it has been shown that the coupling efficiency of a wavelength selective coupler (WSC) consisting of two parallel LPFGs is independent of the fibre orientation for CO 2 laser-induced LPFGs written in boron co-doped fibre.
11 CO 2 -laser fabrication of LPFGs is more flexible than the traditional UVfabrication of LPFGs and can be applied to almost any untreated glass fibres. 11 Four-port and sixport WSCs consisting of two and three parallel LPFGs, respectively, have been demonstrated. 7, 12, 13 In this paper, theoretical and experimental results are presented of a narrowband wavelengthselective coupler consisting of two parallel, axially symmetric LPFGs fabricated with a CO 2 laser. Experimental results of a broadband WSC are also presented. Coupled-mode theory is used to model WSCs and the conditions for achieving efficient power transfer between the LPFGs are identified and discussed. The experimental set-up that was developed to construct the WSCs is also presented. To our knowledge, this is the first time that the properties of WSC devices incorporating axially symmetric LPFGs fabricated with a custom CO 2 laser have been studied in detail.
Wavelength-selective coupler incorporating LPFGs
Principle of operation Figure 1 illustrates a WSC consisting of two parallel SMFs, each consisting of identical uniform LPFGs. The fibres are separated by a distance (d) and are offset by a distance (z 1 ) in the direction of wave propagation. Light is launched into one of the fibres, called the transmission fibre, where the LPFG couples the light from the guided mode to the cladding mode of the fibre at a desired resonant wavelength. The phasematching condition for the mode-coupling occurring in an LPFG structure is given by:
where s 1 is the detuning parameter, s f = 2π / Λ LPFG is the grating wave vector, Λ LPFG is the grating period, and S is the difference between the propagation constant of the guided core mode and the kth order cladding mode. 14 The resonant wavelength of the kth order cladding mode is given by:
where n co is the effective refractive index of the core mode and n cl (k) is the effective refractive index of the kth order cladding mode (i.e. LP 0k ). 9, 14 Our theoretical analysis is based on the weakly guiding fibre approximation, where the refractive index difference between the core and cladding is very low. 14, 15 In the vicinity of an LPFG, the fundamental core mode (i.e. LP 01 ) couples to several co-propagating cladding modes. 14 The only cladding modes (LP mk or HE 1k ) to which the guided core mode can couple are those that exhibit azimuthally symmetric intensity profiles with central peaks, where m = 0 and k = (1, 2, 3,..). 16, 17 In Figure 1 , the cladding mode propagates in the cladding and excites a similar cladding mode in the tapping fibre, through evanescent-field coupling between the two fibres. 8 The LPFG in the tapping fibre then couples the cladding mode to the core mode. Only light at the resonant wavelength of the LPFGs will be coupled from the transmission fibre to the tapping fibre. The resonant light will be dropped into the tapping fibre and the non-resonant light will keep propagating in the transmission fibre, as shown in Figure 1 . Another WSC should be arranged in reverse order to add a wavelength channel. 7 The coupling efficiency of the coupler is given by:
where R(0) is the input power launched into the transmission fibre and R(z 3 ) is the output power from the tapping fibre. 12 It has been shown that the coupling efficiency of the WSC can be maximised by introducing a finite offset between the LPFGs to increase the interaction length for evanescentfield coupling between the fibres and by using a suitable surrounding refractive index to expand the field distribution for better overlap with the other fibre.
11,12
Dependence of coupling coefficients on cladding mode order and surrounding refractive index
To understand the coupling processes within a WSC, it is important to solve the coupled-mode equations derived for a WSC. Chiang et al. 12 provide a detailed theoretical analysis of a WSC consisting of identical uniform LPFGs. The coupling processes in the LPFG coupler are governed by the coupling coefficients K and C. The coupling coefficient K characterises an LPFG and serves as a measure of the power transfer between the LP 01 and LP 0k mode, as a result of the mutual overlap of the fields in the core area (where the coupling perturbation in the form of a refractive index modulation is situated). 1, 9 The coupling coefficient K can be adjusted by controlling the index modulation during LPFG fabrication. 1 On the other hand, the coupling coefficient C characterises the evanescent-field coupling between two parallel fibres in a WSC and measures the spatial overlapping of the two LP 0k mode fields over the cross-sectional area of one of the fibres. 12 The coupling coefficient C is defined as:
where ρ is the cladding radius and ∆ is the normalised index difference between the cladding and surrounding medium defined as (n 2 2 -n 3 3 )/2n 2 2 . The refractive index of the core, cladding and ambient region are denoted as n 1 , n 2 and n 3 , respectively. In Eqn 4, K 0 and K 1 , are the modified Bessel functions and the normalised parameters V, U and W are defined as:
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In this paper, theoretical results are presented for a WSC consisting of two identical uniform LPFG structures. For all the calculations, the fibre parameters of PS1500 fibre were used. 18 PS1500 fibre is a germanium-boron codoped photosensitive SMF produced by Fibercore Ltd (Southampton, UK). The numerical aperture of the fibre is 0.13 and the LPFGs exhibit a grating period of 330 μm. When a WSC is produced, it is important that the fibre separation (d) is kept as small as possible (< 5 μm). During the theoretical analysis it is assumed that the fibres are touching, that is d = 0. Unless otherwise stated, the refractive index that surrounds the fibre can be taken as 1 (corresponding to a vacuum). It has been shown that the coupling coefficient C and the coupled-mode equations are accurate, even if the fibres in the WSC are touching. 10, 12 Figure 2 illustrates the theoretical dependence of the coupling coefficient C on the cladding mode order at a resonant wavelength of 1550 nm for five different surrounding indices. In Figure 2 it is shown that the coupling coefficient C can be increased by using a suitable surrounding index (n 3 ) and a higher-order cladding mode. Figure 3a illustrates the dependence of the coupling coefficient C on the surrounding refractive index for the LP 07 cladding mode. The grating length is 25 mm and the resonant wavelength is 1550 nm for coupling to the LP 07 cladding mode when n 3 = 1. In Figure 3a , it can be seen that the coupling coefficient C increases as the surrounding index is increased. However, as the surrounding index becomes really close to the cladding index (n 2 ), the cladding mode becomes more weakly confined in the fibre until the guiding is totally lost and coupling becomes undefined. 11, 12 The shape of the curve in Figure 3a illustrates that the coupling coefficient C becomes very sensitive to changes in the refractive index as the surrounding index becomes very close to the cladding index, which is in agreement with earlier work. 12 The coupling coefficient K remains insensitive to the change in the surrounding index unless the surrounding index becomes very close to the cladding index. 12 Figure 3b illustrates that the resonant wavelength increases with surrounding index (n 3 ) and the rate of wavelength shift increases as the surrounding index approaches the cladding index. 19, 20 Figure 4 illustrates the dependence of the coupling coefficient C on the surrounding index for the LP 07 cladding mode as the fibre separation (d) is increased. It is shown that the fibre separation influences the coupling coefficient C tremendously. In practice, it is important to keep the fibre separation to a minimum. Figure 5 illustrates the unique experimental set-up used for WSC characterisation. This set-up enables one to easily measure physical properties of a WSC in a very flexible manner as part of the characterisation process, as opposed to miniature but inflexible fixtures that could be encountered in device packaging. 21, 22 It should be noted that the schematic of the experimental set-up has not been drawn to scale and the measurements shown are for convenience.
Experimental set-up
W = 2πρ √ (n cl (k) ) 2 -n 3 2 . λ LPFG
Cladding mode order
The WSC consists of two identical azimuthally symmetric LPFGs, which are placed in parallel in close contact, without the need for fusion. The WSC was constructed in such a manner that the fibres lay in a horizontal position. To minimise the vibration that might influence the performance of the WSC during experiments, the experimental set-up was assembled on a vibration-isolated table and air turbulence was avoided. In Figure 5 , the transmission fibre is connected to the tuneable laser source and the tapping fibre is connected to the optical spectrum analyser. The transmission fibre and tapping fibre are fixed on separate translation stages, such that the two parallel fibres could be aligned to each other. Two microscopes are used to align the fibres along the x-axis and one microscope is used to align the fibres along the y-axis. Translation stages that support the transmission fibre operate independently from the stages for the tapping fibre. However, the translation stages that support the tapping fibre are affixed to a common base, which is mounted on an x-axis translation stage. This x-axis translation stage can be moved a maximum distance of 100 mm. Each fibre was inspected to ensure that the entire section of fibre between the fibre clamps was stripped from its protective coating. The fibres were chemically stripped using dichloromethane, after which they were cleaned using acetone and propanol. Before the fibres were permanently fixed between the fibre clamps and connected to measurement equipment, the fibres were again chemically cleaned using acetone, propanol and a pressure duster. When the transmission fibre and tapping fibre were fixed in the experimental set-up, the LPFGs were analysed and the resonant wavelengths retrieved. A tungsten-halogen broadband source (Ocean Optics LS-1, Ocean Optics Corporation, Dunedin, FL, USA) was used as the light source and an optical spectrum analyser (Yokogawa AQ6317C, Yokogawa Electric Corporation, Tokyo, Japan) was used to measure the output spectrum of each LPFG.
During the experiments, a wavelength-tuneable laser source (Agilent 81600B, Agilent Technologies Inc., Santa Clara, CA, USA) was used as a light source and was connected to Port 1 as illustrated in Figure 5 . An optical isolator was used in conjunction with the wavelength-tuneable laser source to protect the laser source from any back reflection that might exist in the system. An optical spectrum analyser (Yokogawa AQ6317C) was connected to Port 3, as illustrated in Figure 5 , to measure the light power coupled to the tapping fibre. Any optical power routed to Port 2 and Port 4 was measured with a lightwave multimeter (Agilent 8163A). Fibre links used between the various components in the experimental set-up were kept as short as possible in order to minimise insertion losses.
Experimental results

Narrowband wavelength-selective coupler
The WSC consists of two identical uniform LPFGs fabricated in an axially symmetric manner using a CO 2 laser. The experimental set-up introduced in Kritzinger et al. 23 was used to fabricate the LPFGs in PS1500 SMF 18 by implementing the point-by-point fabrication method. The gratings exhibited a period of 325 μm and a total length of 25 mm. The gratings were placed in the WSC experimental set-up and brought together using the translation stages illustrated in Figure 5 . Suitable tension was applied along the fibres to keep them in close parallel contact. The transmission spectrum of the LPFGs is illustrated in Figure 6 .
In Figure 6 , LPFG 1 corresponds to the LPFG fabricated in the transmission fibre and LPFG 2 corresponds to the LPFG fabricated in the tapping fibre. The resonant wavelengths (λ LPFG ) of the first and second LPFG at the LP 07 -mode attenuation peak were 1520.3 nm and 1521.4 nm, respectively. The resonant wavelengths were measured when the fibres were surrounded by air. The contrast of the first and second LPFG at λ LPFG for the LP 07 -mode was 4.9 dB and 4.0 dB, respectively, and corresponded to a coupling coefficient K of 38.2 m -1 and 36.7 m -1 , respectively. The LPFG in the transmission fibre coupled approximately 68% of light power into the cladding at λ LPFG for the LP 07 -mode. The rest of the light power was routed in the fibre core to Port 2 of the WSC illustrated in Figure 5 . The 3-dB bandwidths of the first and second LPFG for the LP 07 -mode were 16.0 nm and 12.6 nm, respectively. In the experimental set-up, the gratings were initially aligned such that the offset distance (z 1 ) was zero. During the experiments, the surrounding refractive index was increased by applying acetone (n 3 = 1.36 at 589.3 nm) to the fibre sections that contained the LPFGs. The variation of the coupling efficiency (η) at λ LPFG with the offset distance is shown in Figure 7 .
The resonant wavelength of the LPFGs shifted 3.3 nm to the shorter wavelength side when acetone was used to increase the surrounding index of the fibre. It was observed that the power output from the tapping fibre increased, with a corresponding shift in LPFG resonant wavelength, as the surrounding refractive index of the fibres was increased. The power coupled from the transmission fibre to the tapping fibre increased as the surrounding refractive index became larger, because the field distribution of the LP 07 -mode was broadened, resulting in larger field overlap with the other fibre. 11 The experimental measurements agreed well with the theoretical prediction when the fibre separation (d) was set to 3 μm in the simulation, as shown in Figure 7 . Deviations from the theoretical prediction could be because of some small lateral angular relative shifts between fibres and effectively a change in coupling as the fibres were translated with respect to each other. Furthermore, close proximity of the fibres became more challenging as the coupling distance was enlarged, because greater parallelism and simultaneous close spacing of fibres were needed. It was confirmed with a microscope that the fibre separation was smaller than 4 μm at each offset distance. Figure 8 illustrates an image of the transmission fibre and tapping fibre in the region of the first LPFG when the offset distance was 70 mm.
When 1 mW at 1517 nm was injected into Port 1 of the WSC for z 1 = 70 mm, the power measured at Port 2, Port 3 and Port 4 was 296.1 ± 0.1 μW, 11.7 ± 0.8 μW and 95.3 ± 0.2 nW, respectively. The coupling efficiency measured at z 1 = 70 mm with a surrounding refractive index of 1.36 was -19.3 ± 0.3 dB, which corresponded to a power conversion efficiency of 1.2 ± 0.1%. An extrapolation of Figure 7 indicates that the efficiency could have been increased to approximately -13 dB if z 1 = 120 mm, which is beyond the translation range of the experimental set-up. The 3-dB bandwidth of the output spectrum of the tapping fibre was 0.05 nm. The narrowband WSC was 95 mm in length at a 70 mm offset distance. The excess loss (including splicing losses) of the WSC was ~69% (5.1 dB) and could predominantly be as a result of the high insertion losses present in the WSC. The directivity of the WSC was greater than 40 dB, because the coupler effectively filters out non-resonant light. 7 The coupling efficiency could be increased further by: (1) increasing the offset distance, (2) bringing the fibres closer together or (3) etching the claddings The image was captured through a microscope with a 4 megapixel Canon digital camera. of the fibres. Table 1 lists the performance specifications of the WSC for n 3 = 1.36.
Broadband wavelength-selective coupler
The WSC consists of two identical non-uniform LPFGs, fabricated axially symmetric using a CO 2 laser. The LPFGs were designed using a genetic algorithm for a flat, broad stopband characteristic for multichannel tapping and also fabricated in PS1500 SMF. 18 The gratings exhibited a length of 40 mm and a period of 457 μm in the central region of each grating. The transmission spectrum of the non-uniform LPFG structures is illustrated in Figure 9 . In Figure 9 , LPFG 1 again corresponds to the LPFG fabricated in the transmission fibre and LPFG 2 corresponds to the LPFG fabricated in the tapping fibre.
The resonant wavelengths of the first and second LPFGs at the LP 05 -mode attenuation peak were 1561.9 nm and 1561.3 nm, respectively, when measured in air. The contrast of the first and second LPFGs at the resonant wavelength (λ LPFG ) for the LP 05 -mode was 9.3 dB and 9.4 dB, respectively, and corresponded to a coupling coefficient K of ~12.1 cm -1 . The LPFG in the transmission fibre coupled approximately 88% of light power into the cladding at λ LPFG for the LP 05 -mode. The 3-dB bandwidth of the first and second LPFGs for the LP 05 -mode were 36.0 nm and 37.8 nm, respectively. During the experiments, acetone was again applied to the fibre sections that contained the LPFGs to increase the surrounding index. The variation of the coupling efficiency at λ LPFG with the offset distance is shown in Figure 10 .
When acetone was used to increase the surrounding refractive index of the fibre, the resonant wavelengths of the LPFGs shifted 4.1 nm to the shorter wavelength side. The power output from the tapping fibre again increased as the surrounding refractive index of the fibres was increased. As shown in Figure 10 , the experimental results agreed well with the theoretical results when the fibre separation (d) was set to 3 μm in the simulation. From the theoretical predictions, deviations can again be understood to be of a nature similar to that of the narrow bandwidth WSC. As in the case of the narrowband WSC, the fibre separation at each offset distance was observed to be smaller than 4 μm. When 1 mW of light with a wavelength 1557.5 nm was injected into Port 1 of the WSC for z 1 = 60 mm, the power measured at Port 2, Port 3 and Port 4 was 111.2 ± 0.1 μW, 9.6 ± 0.7 μW and 123.3 ± 0.3 nW, respectively. The maximum coupling efficiency, measured at z 1 = 60 mm with a surrounding refractive index of 1.36, was -20.2 ± 0.3 dB, which corresponded to a power conversion efficiency of 0.95 ± 0.07%. The coupling efficiency of the broadband WSC was almost the same as that obtained with the narrowband WSC. However, during the experiments, mode-coupling was only performed between the fundamental mode and the LP 05 cladding mode and therefore the value of the coupling coefficient C during this experiment was much lower than when it was compared to the narrowband WSC experiment. Longer LPFGs were manufactured for the WSC, to increase the transmission loss of each grating. 1 By using longer grating lengths in the broadband WSC, it was possible to effectively couple more light power into the cladding and to achieve a coupling efficiency close to that of the narrowband WSC. The broadband WSC was 100 mm in length when maximum coupling efficiency was achieved. The excess loss of the broadband WSC was ~88% (9.2 dB), mainly as a result of insertion losses. The directivity of the broadband WSC was greater than 38 dB. During these experiments, the interaction length between the LPFGs could not be increased further because of limitations on the experimental set-up. Table 2 lists the performance specifications of the broadband WSC for n 3 = 1.36.
Conclusion
In this paper, narrowband and broadband WSCs that consisted of axially symmetric LPFGs fabricated with a CO 2 laser were described. The operation of a WSC was demonstrated and the coupler was characterised. The dependence of the coupling coefficients on cladding mode order, fibre separation and surrounding refractive index were discussed. The WSCs constructed effectively transferred light power at the LPFG resonant wavelength from one fibre to another, but did not exhibit a high coupling efficiency. It was shown that the fibres in the WSCs did not touch, which subsequently influenced the coupling efficiency significantly. Although the WSCs exhibited high insertion loss, they effectively filtered out non-resonant light. To optimise the WSCs, a study could be conducted on increasing the coupling efficiency of a WSC further by bringing the fibres closer together by using a different experimental set-up, increasing the ambient index or by etching the claddings of the fibres. WSCs show great promise as channel routing devices in a wavelengthdivision multiplexing network, which could be used in the de-multiplexing or multiplexing part of an optical add-drop multiplexer.
